Acyl homoserine lactone (acyl-HSL)-mediated gene regulation has been shown to influence biofilm formation in one Burkholderia cepacia cystic fibrosis isolate, but it is not known whether this relationship is a consistent feature of the several genomic species that make up the B. cepacia complex (BCC). We screened strains belonging to genomovars I to V of the BCC for biofilm formation on an abiotic surface and for acyl-HSL synthesis. We determined that organisms from each of these genomovars were capable of biofilm formation. Similarly, acyl-HSL was synthesized by organisms from each of genomovars I to V, with most isolates producing octanoyl-HSL in greatest abundance. When biofilms were grown in Luria broth, acyl-HSL synthesis and biofilm formation appeared to be associated, but these phenotypes were independent when the biofilms were grown in basal salts containing citrate. Genomovar V strains synthesized the greatest quantities of acyl-HSL, and genomovar II and III-A strains elaborated the most abundant biofilms. Quorum sensing may play a role in BCC pathogenesis, but it may not regulate biofilm formation under all growth conditions. Burkholderia cepacia has been recognized as a problematic opportunistic pathogen, particularly among cystic fibrosis (CF) and chronic granulomatous disease patients. Accurate identification of this organism can be problematic as its taxonomy continues to evolve. The B. cepacia complex (BCC) is a group of phenotypically related but genotypically distinct organisms. The BCC is divided into at least nine closely related genomic species or genomovars. Genomovars II, IV, V, VII, VIII, and IX have been named Burkholderia multivorans, Burkholderia stabilis, Burkholderia vietnamiensis, Burkholderia ambifaria, Burkholderia anthina, and Burkholderia pyrrocinia, respectively. Genomovars I, III, and VI have not been formally named, pending the availability of differential diagnostic tests, but genomovar I is understood to be B. cepacia.
of L- [1- 14 C]methionine was added to cultures in early stationary phase and incubated for 30 min. Radiolabeled acyl-HSLs were recovered by two extractions of the culture fluid with equal volumes of ethyl acetate containing 0.1 ml of glacial acetic acid per liter. After drying, the sample residue was dissolved in 20% methanol and fractionated by C 18 reverse-phase high performance liquid chromatography (HPLC) as previously described (29) . Aqueous Counting Scintillant (Amersham Pharmacia Biotech, Piscataway, N.J.) was added to each of 70 1-ml fractions and counted with a scintillation detector. To identify acyl-HSLs, the retention times of peaks of radioactivity were compared to retention times of synthetic acyl-HSL standards (Quorum Sciences Inc., Coralville, Iowa).
Southern hybridizations. Southern hybridizations were performed using digoxigenin (DIG)-dUTP-labeled probes (Roche Molecular Biochemicals). Methods were as per the manufacturer's protocols using total DNA isolated from BCC organisms. Total DNA was recovered by incubating cells on ice with lysozyme and then lysing them with sodium dodecyl sulfate. DNA was purified from cell debris by phenol extraction followed by ethanol precipitation. Total DNA (2 g) was digested with XhoI (New England Biolabs) and then separated on an 0.8% Tris-acetate-EDTA-buffered agarose gel. DIG-dUTP-labeled cepI and bviI gene probes were generated by PCR from the B. cepacia K56-2 chromosome and cloned B. vietnamiensis G4 bviI gene, respectively (6, 17) . Southern transfer and detection of homologous sequences, under low-stringency conditions with labeled probes, were performed using a DIG detection kit (Roche Molecular Biochemicals). The low-stringency conditions were attained by incubating membranes and labeled probe overnight at 53°C and by carrying out the two 15-min stringency washes with 0.75ϫ SSC (0.11 M NaCl plus 0.011 M sodium citrate)-0.1% sodium dodecyl sulfate at 53°C.
Statistical analysis methods. Descriptive statistics were used to compare the frequencies with which biofilm formation (defined as A 590 of 0.100) and acyl-HSL synthesis (defined as an incorporation of radiolabel greater than 100 cpm/30 min) occurred together in a population. Biofilm formations in each of the three media were considered to be different populations; thus, three separate comparisons of biofilm formation and acyl-HSL synthesis were made. The G value for goodness of fit was calculated for each population using 2 ϫ 2 tables of observed and expected frequencies (33) . Williams' correction (for sample sizes where n was Ͻ200) was applied to each G value to obtain the adjusted G value (G adj ) (33) .
RESULTS
BCC isolates form biofilms on polypropylene. The biofilm formation assay was based on the one described by O'Toole and Kolter (see Materials and Methods) (28) . Preliminary assays using 96-well polypropylene microtiter dishes and one BCC isolate from each of genomovars I to V indicated that attached growth was possible for these organisms. Biofilm formation in SLB (Fig. 1) was assessed after 24, 48, and 72 h of growth at 37°C. After 48 h, substantial attached growth was observed for three of the five test strains. Neither the genomovar I test strains nor the genomovar IV test strains formed substantial biofilms, but the amount of attached growth at 48 h was the maximum observed for the genomovar I strain and was not significantly different from the maximum growth observed for the genomovar IV strain. Similar results were obtained when the test strains were grown in SBSM-citrate (data not shown). Because measurable attached growth at or near the maximum observed had occurred in the test strains by 48 h, all subsequent biofilm assays were carried out at 37°C for 48 h.
Genomovar II and III isolates demonstrate the greatest capacity for biofilm formation. Our approach employed different media to provide organisms with conditions favorable for biofilm formation but also to detect any significant differences among isolates. To that end we used a rich medium (SLB) and minimal media (SBSM-citrate and SBSM-glucose) supplemented with CAA. Carbon sources were chosen based on preliminary studies indicating that minimal medium containing citrate allowed the best biofilm formation among test isolates from all five genomovars (data not shown). Glucose was chosen as an alternative carbon source since growth in this medium allowed differences in biofilm formation by test iso- lates from the five genomovars to be observed (data not shown).
The biofilm-forming abilities of strains from genomovars I to V, grown in SLB, are shown in Fig. 2 . Based on quantitation of biofilm growth by crystal violet staining, genomovar II and III-A isolates were capable of greater biofilm formation in polypropylene microtiter dishes than genomovars I, III-B, IV, and V, when grown in SLB. Similar results were obtained when organisms were grown in SBSM-citrate and SBSM-glucose (data not shown).
The separation of genomovar III isolates into two subgroups, A and B, is based on differences at the recA locus. The recA gene product is essential for repair and recombination of DNA, and sequence polymorphisms of the gene have made it a useful bacterial systematics tool (20) . Genomovar III-A strains formed more biofilm than III-B strains under the conditions used. To test a diverse range of strains within the genomovars, organisms included in the screen were from different genetic lineages as determined by RAPD analysis (21) . All genomovar III isolates except for J415 (III-B) carried the B. cepacia epidemic strain marker (BCESM), which is present in several transmissible strains infecting multiple CF patients at different treatment centers (Table 1) (23) . BCESM DNA, which encodes the putative transcriptional regulator, EsmR, was present both in isolates that formed biofilms and those that did not. Therefore, it is unlikely that EsmR has a specific function in biofilm formation in BCC isolates.
To determine the impact of growth rate on biofilm formation, we assessed the growth rates of several isolates from each of the genomovars (Table 2) . Of the 40 isolates, 30 had doubling times of approximately 1 to 2 h when grown with shaking in LB; most of these were from genomovars I, II, III, and V. Among strains with doubling times shorter than 2 h, there was considerable variation in the amount of biofilm formation observed. Strains with doubling times longer than 2 h also exhibited variable biofilm formation. The genomovar III-A strains CEP565 and BC7 were observed to have good biofilm formation with doubling times close to 3 h, whereas the four genomovar IV strains with longer doubling times formed much less biofilm. While the growth rate certainly influences biofilm formation, these data suggest that additional factors are involved and that the ob- served differences in biofilm formation are likely not simply the result of different growth rates.
Acyl-HSL synthesis by B. cepacia complex isolates. Acyl-HSL synthesis was assessed during planktonic growth in minimal medium using a previously described radiotracer procedure (32) . Table 2 shows the amount of radioisotope incorporated into the most abundant acyl-HSL synthesized by the BCC isolates assayed. Acyl-HSLs were identified by comparing the mobilities of radiolabeled peaks with the mobilities of synthetic acyl-HSLs. Most of the BCC isolates producing acyl-HSLs synthesized C 8 -HSL in highest abundance. Exceptions to this were a genomovar III-A isolate, C4455, a genomovar III-B isolate, ATCC 17765, and two genomovar V isolates, LMG 10929 and G4. C4455 synthesized an unidentified species that eluted in fraction 32 under the HPLC conditions used. This species eluted between C 6 -HSL and C 8 -HSL and may resemble a previously reported unidentified species that migrates between C 6 -HSL and C 8 -HSL on C 18 reversed-phase thin layer chromatography plates (19, 36) . One organism, ATCC 17765 (genomovar III-B), produced C 4 -HSL and/or 3OC 6 -HSL, which elute together under the HPLC conditions used. The genomovar V strains, B. vietnamiensis G4 and LMG 10929, synthesized C 10 -HSL in greatest abundance. Synthesis of acyl-HSLs by the trichloroethylene degrader, G4, has been reported previously (6) .
All genomovar I and V isolates tested incorporated radiolabel into acyl-HSLs, as shown in Table 2 . Incorporation of radiolabel into acyl-HSL by strains from genomovars II, III, and IV was varied, with several strains failing to synthesize detectable levels of acyl-HSLs. Genomovar V strains synthesized the most acyl-HSL, as demonstrated by the level of incorporation of radiolabel. The amount of acyl-HSL synthesized can be summarized as follows: no or low detectable radiolabel incorporated into acyl-HSL, Ͻ2,000 cpm incorporated in 30 min; moderate, between 2,000 and 10,000 cpm incorporated into acyl-HSL; and high, greater than 10,000 cpm incorporated into acyl-HSL. With the exception of one genomovar I strain (ATCC 17759) and one genomovar III strain (C1257), just the genomovar V strains were observed to synthesize acyl-HSLs in large amounts. Some strains from genomovars II, III, and IV failed to incorporate detectable amounts of radiolabel into acyl-HSL. It should be noted that acyl-HSL production by one isolate, C5393, was previously detected using an Agrobacterium tumefaciens reporter strain (19) . This organism did not incorporate radiolabel into acyl-HSL under the conditions described here. This may have been because a larger volume of culture was assayed previously, or it may reflect the sensitivity of the reporter to the acyl-HSL detected. Alternatively, it may reflect the ability of the organism to take up or incorporate the radioisotope. Our data indicate that if acyl-HSLs were synthesized by C5393, the amounts were small enough to be undetectable in the radiolabeling assay. For comparison, acyl-HSL synthesis by P. aeruginosa resulted in greater than 100,000 cpm being incorporated into 3OC 12 -HSL in 10 min (32) .
Since acyl-HSL synthesis was not detected for many BCC isolates, we investigated if the cepI or bviI autoinducer synthase genes were present in these organisms. Total DNA from each isolate was digested with XhoI, electrophoretically separated, transferred to a nylon membrane, and hybridized with specific gene probes for the cepI and bviI autoinducer synthases (6, 17, 19) . The results are shown in Table 2 . The bviI gene was detected only in genomovar V strains, in agreement with previously published results (19) . All genomovar V strains exhibited the same bviI hybridization pattern except for the C 10 -HSL producer, G4. The cepI gene was detected in all isolates except for genomovar II organisms. This is also consistent with published data (19) . The cepI hybridization patterns for all genomovar I isolates were identical. In contrast, the cepI hybridization patterns for genomovar III isolates were quite het- Correlation of biofilm formation with acyl-HSL synthesis. We assumed that with BCC isolates, as with P. aeruginosa, biofilm formation would be a process that was regulated in part by quorum sensing. Huber et al. showed that biofilm formation by a BCC genomovar III CF isolate is under control of the cep system (13). We therefore compared biofilm formation with acyl-HSL synthesis using a two-way table test of independence (33) . To determine the frequencies of occurrence of acyl-HSL synthesis and biofilm formation, acyl-HSL synthesis was defined as any incorporation of radiolabel greater than twofold over background (Ͼ100 cpm), and biofilm formation was defined as an A 590 value of 0.100. This value was chosen because it resulted in a measured A 590 value greater than twofold that of background staining of the wells of the microtiter plate. The calculated G values for biofilms grown in the different media were G adj ϭ 4.400 for SLB and G adj ϭ 2.273 for SBSMcitrate. A G value could not be calculated for SBSM-glucose since no data points fell within the "no biofilm and no acyl-HSL" section of the two-way table (frequencies are shown in Table 3 ). The calculated G value for SLB (G adj ϭ 4.400) was greater than the 2 0.05 value for 1 degree of freedom ( 2 0.05 [1] ϭ 3.841); therefore, the null hypothesis that biofilm formation was independent of acyl-HSL synthesis was rejected. However, the calculated G value for SBSM-citrate (G adj ϭ 2.273) was less than the 2 0.05 value for 1 degree of freedom, indicating that biofilm formation was independent of acyl-HSL synthesis. These conflicting outcomes make it difficult to reconcile the biofilm formation and acyl-HSL data. As shown in Table 3 , in the cases of all three media, from 28 to 47% of strains synthesized acyl-HSLs and formed biofilms; likewise, 28 to 47% of strains synthesized acyl-HSLs but failed to form biofilms. Most (75%) of the strains tested fell into these two categories. The frequency of strains forming biofilms without synthesizing acyl-HSL was 19 to 25%, and only a few strains neither formed biofilms nor synthesized acyl-HSLs. Together, the data suggest that acyl-HSL synthesis is widespread among the BCC but not all strains with the genetic capacity for acyl-HSL synthesis make acyl-HSLs in culture. In addition, biofilm formation occurred in strains from each of the genomovars, but the greatest amount of biofilm formation was observed in genomovars II and III-A. These two phenotypes are widespread among the BCC but do not appear to be linked under all growth conditions.
DISCUSSION
The association of bacterial biofilms with a disease state in the human host has brought increased attention to the study of this communal stage of microbial development. Bacterial biofilms have been studied for decades, but recognition of their importance in opportunistic infection has come more recently (for a recent review, see reference 27). Of particular interest in the study of CF pulmonary infections are recent reports demonstrating the ability of the CF pathogen P. aeruginosa to form biofilms and the involvement of quorum sensing or cell densitydependent regulation of gene expression in this process (7, 32) . In addition, the cep quorum sensing system of a B. cepacia CF isolate has been shown to play a role in biofilm formation in one BCC strain (13) . Other studies have also indicated that acyl-HSL synthesis is widespread among members of the BCC (10, 19) .
We report that among representative isolates from genomovars I to V of the BCC, the greatest amount of biofilm formation was observed for genomovar II and III isolates. Although members of all five genomovars have been found in CF patients, genomovars II and III are most commonly isolated. Organisms from both of these groups have been responsible for several outbreaks in CF clinics, with evidence of patientto-patient spread (11, 20) . This suggests that like P. aeruginosa, BCC genomovar II and III strains may exist in a biofilm state in the CF lung, and this may give them an advantage by providing protection from host antimicrobial defenses as well as increased resistance to antibiotic therapy. Our findings are consistent with recent studies demonstrating that in both in vitro and in vivo models, BCC strains from genomovars II and III were more invasive than strains belonging to genomovars I, IV, and V (5, 15). Of 12 invasive strains from the study by Cieri et al., 11 formed biofilms in at least one media type, compared to 3 of 7 of the noninvasive strains (5). It is possible that biofilm formation contributes to the virulence of these organisms. To our surprise, within the genomovar III strains, the recA type A organisms were more competent to grow as biofilms than the recA type B organisms. The recA gene is involved in DNA recombination and is used as a taxonomic marker because of its high degree of nucleotide sequence conservation. We do not yet understand the significance of the increase in biofilm formation for genomovar III-A strains over that for genomovar III-B strains, but it would be informative to study a larger number of strains from these two subgenomovar groups to determine if this relationship is true for a larger population. The results of our survey of acyl-HSLs synthesized by BCC isolates was in agreement with previous reports that most of these organisms synthesize C 8 -HSL (10, 19, 36) . Exceptions included a genomovar III isolate that produced C 4 -HSL and/or 3OC 6 -HSL and two genomovar V isolates that synthesized C 10 -HSL in greatest abundance. We also detected an unidentified species synthesized by another genomovar III strain. Under the HPLC conditions used, this molecule eluted between C 6 -HSL and C 8 -HSL. Other investigators have also reported unidentified molecules that eluted between C 6 -HSL and C 8 -HSL for both a genomovar II and genomovar VII isolate (19, 36) . It remains to be determined if these species are acyl-HSLs.
We note that the amount of incorporation of radiolabel into acyl-HSL varied from none or low levels (Ͻ2,000 cpm incorporated per 30 min) to high levels of incorporation (Ͼ10,000 cpm incorporated per 30 min). We observed that the highest production of acyl-HSL occurred in the genomovar V strains and that several isolates from genomovars II, III, and IV synthesized low or no acyl-HSL under the conditions tested. Genomovar I and V strains were also notable in that every isolate tested produced acyl-HSL. This was not the case for genomovars II, III, and IV. We detected low or no acyl-HSL synthesis in genomovar II strains and in most genomovar III strains. Genomovar IV isolates produced low to moderate amounts of acyl-HSL, with one strain producing none. It is difficult to compare acyl-HSL synthesis rates between strains when they are determined by the radiotracer method because of potential differences in methionine uptake and incorporation into the acyl-HSL precursor S-adenosylmethionine. In two BCC strains, however, Ͼ100-fold differences in 14 C incorporation into acyl-HSLs confirmed the differences previously observed in the concentration of acyl-HSLs in cell-free culture fluids of strains G4 and K56-2 (6, 17) . This suggests that the differences in incorporation detected in this study may reflect true differences in acyl-HSL production in at least some cases. It is interesting that a significant proportion of BCC strains (22 of 37) produced only low levels of acyl-HSL or no acyl-HSL. In all cases, except for the genomovar II isolates, at least one autoinducer synthase gene was identified, indicating that these organisms have the genetic potential for acyl-HSL synthesis. Recently it was reported that one genomovar II organism, B. multivorans ATCC 17616, readily gave rise to mutants that produced high levels of acyl-HSL and that it contained a novel acyl-HSL synthase gene, bmuI (36) . It is likely that other genomovar II strains contain bmuI and that most BCC organisms have the ability to synthesize acyl-HSLs. There may be specific environmental cues that cause the levels of acyl-HSL synthesis to increase or decrease, and the growth conditions used here have not allowed this additional level of regulation to be observed. For Vibrio fischeri and P. aeruginosa, hierarchies of control exist that additionally regulate acyl-HSL production (1, 8, 9, 35) ; this may also be the case for B. cepacia. Alternatively, the observed differences in acyl-HSL synthesis may be the result of genetic rearrangement, since it is known that BCC organisms have complex genomes containing multiple chromosomes and insertion sequences (16) . It is also possible that expression of some quorum sensing-controlled genes requires only a low level of acyl-HSL synthesis while others may require high levels of the signal molecule: different target genes are activated at different 3OC 12 -HSL concentrations for P. aeruginosa (31) .
For all isolates tested, the amount of biofilm formation and the amount of radiolabeled primary acyl-HSL were compared. A test for independence using a two-way table of independence determined that biofilm formation in SLB was not independent of acyl-HSL synthesis but that biofilm formation in SBSM-citrate was independent of acyl-HSL synthesis. A recently published study demonstrated that the cep quorum sensing system controlled biofilm formation and swarming motility in a genomovar III isolate (13) . The results of this study, while intriguing, do not provide a clear-cut demonstration of correlation between biofilm formation and acyl-HSL synthesis in the BCC. It is possible that biofilm formation does not require a functional quorum sensing system under all conditions. It may be that BCC isolates produce different levels of acyl-HSL when grown in a biofilm than they do when grown planktonically. We are currently evaluating a method that may allow rapid screening of acyl-HSL synthesis by biofilm-grown cultures. We would like to determine if the level of acyl-HSL synthesis by some BCC isolates is different for planktonic versus biofilm-grown cells, as has been demonstrated with P. aeruginosa (32) . It is possible that a consistent relationship between biofilm formation and acyl-HSL synthesis might be detected under those conditions. Although we were unable to demonstrate a clear correlation or lack of correlation between quorum sensing and biofilm formation, acyl-HSL production likely plays a role in ecology and pathogenesis in the BCC. Further studies will be required to identify phenotypic traits under control of this regulatory system.
